6
Their membrane is shaped by Bin1 (red curves) and contain, among many other proteins, voltage-gated calcium channels (Cav1.2; purple). The crest has a dome shape. Nav1.5 is expressed at the crest and the groove. The amount of Nav1.5 in this image serves illustrative purposes only and does not reflect experimental values. b, At the groove, Nav1.5 (green; left) is associated with the costamere (right). The C-terminal SIV motif of Nav1.5 binds syntrophin (white), which binds dystrophin (red). Dystrophin also binds syntrophin associated with the costamere, which contains multiple transmembrane proteins, including integrins (yellow), sarcoglycans (purple), and β-dystroglycan (green). β-dystroglycan connects the sarcolemma with the extracellular matrix (ECM) via α-dystroglycan.
Dystrophin also links the costamere to the cytoskeleton through its association with actin at its N-terminus and with α-actinin via ankyrin-G and obscurin. c, Confocal image of murine ventricular cardiomyocyte stained for Nav1.5 (red) and T-tubular marker Bin1 (green), showing Nav1.5 expression at the intercalated disc, lateral membrane, and an intracellular punctate pattern coinciding with Bin1 signal. Scale bar 20 µm.
confocal microscope however prevents us from establishing a detailed quantitative analysis of Nav1.5 in the T-35 tubules (Figure 1c) . 36 To determine the molecular characteristics of Nav1.5 expression at the lateral membrane by SMLM, we imaged 37 the lateral membrane of wild-type cardiomyocytes stained for Nav1.5 and α-actinin, which coincides with the 38 groove (N = 3, n = 24; Figure 2a ). Indeed, Nav1.5 occurred both in close proximity to α-actinin and in between 39 α-actinin clusters, indicating localization at the groove and the crest, respectively (Figure 1a, Figure 2a ). To 40 quantify whether the Nav1.5 clusters have an affinity for the groove, we used a novel analysis approach 25 based 41 on Monte-Carlo simulations for each SMLM image (N = 3, n = 24) in which Nav1.5 clusters were redistributed 42 over the image either randomly or with a high affinity for α-actinin (Figure 2b,c) . The random simulations were 43 performed by selecting the Nav1.5 clusters and stochastically redistributing them within the boundaries of the 44 Figure 2. Nav1.5 has affinity for the groove at the lateral membrane of a cardiomyocyte. a, Super-resolution image of the lateral membrane of murine ventricular myocyte stained for Nav1.5 (green) and α-actinin (red). Nav1.5 occurs close to α-actinin, indicating the groove; and in between α-actinin lines, indicating the crest. Scale bar 1 µm. b and c display simulations of the original SMLM image (a), in which Nav1.5 clusters were randomly distributed (b) or had a high affinity for α-actinin (interaction factor [IF] 0.7 [c]). Note that differences in affinity are hard to spot by eye, especially in a small area of a cell. d, In original SMLM images of wild-type cells (N = 3, n = 24), the proportion of Nav1.5 within 50 nm of α-actinin is ~30% higher than in simulations in which Nav1.5 clusters of each image are distributed randomly, and similar to images in which a high affinity of Nav1.5 for α-actinin was simulated (IF 0.7). ****, p < 0.0001, Mann-Whitney test.
user-defined region of interest (ROI). For high-affinity simulations, an interaction factor of 0.7 was assumed,
45
given that an interaction factor of 0.0 represents random overlap between the two colors, an interaction factor 46 of 1.0 perfect overlap, and an interaction factor equal to or more than 0.5 indicates that one color has significant affinity for the other color 25 . To generate high-affinity simulations with an interaction factor of 0.7, each Nav1.5 48 cluster was first placed randomly within the region of interest, then the program determined whether one or 49 more pixels of the cluster overlapped with an α-actinin cluster. If this overlap was detected, the cluster was kept 50 in place; if not, the program generated a random number between 0 and 1. If that number was greater than 0.7, 51 the cluster was kept in its position; if not, this process was repeated. Overall, these high-affinity simulations 52 generated an image in which Nav1.5 clusters overlapped with α-actinin clusters to more than a random degree. , and ∆SIV (c) cells. Scale bar 1.5 µm. d, Total Nav1.5 expression at the lateral membrane is reduced by ~30% in mdx and ∆SIV compared to wild type. Data points represented by a cross (X) correspond to examples from panels a-c. e, Frequency distribution plot of edge distances from any α-actinin cluster to the closest Nav1.5 cluster, bin size 50 nm. In mdx and ∆SIV, a smaller proportion of Nav1.5 resides within 50 nm to α-actinin compared to wild type. Frequency distributions for cluster distances larger than 50 nm are similar between the genotypes. f, Groove expression of Nav1.5, defined as Nav1.5 clusters within 50 nm of Bin1, is reduced by ~30% in ΔSIV cardiomyocytes compared to wild type. Note that mdx cells display high variability in Nav1.5 cluster expression at the lateral membrane (d) and at the groove (f). Wild type N = 3, n = 24; mdx N = 3, n = 27; ΔSIV N = 3, n = 19. *, p = 0.024 (wt vs. mdx [d]); p = 0.016 (wt vs. ΔSIV [d]); p = 0.019 (wt vs. ΔSIV [f]), Mann-Whitney test.
Figure 4. Nav1.5 is expressed in the T-tubules. a, Detail of an intracellular recording from a wild-type cardiomyocyte stained for αactinin (blue), Bin1 (red), and Nav1.5 (green). All Nav1.5 clusters are redistributed over the image either randomly (b) or with a high affinity for Bin1 (interaction factor [IF] 0.7 [c]). Scale bar 1.5 µm. d, For each Bin1 cluster, the closest Nav1.5 cluster is within 50 nm in ~15% of cases, which is significantly more than the ~8% from random simulations and close to ~17% of the high-affinity simulations (IF 0.7) (N = 3, n = 39). The frequency distributions of Nav1.5 for distances to α-actinin of more than 50 nm does not show any apparent difference between the genotypes. e, In experimental SMLM images, a higher proportion (~40%) of Nav1.5 are within 50 nm from the nearest Bin1 cluster than in random simulations, but not as much as in simulations with a high-affinity simulations (IF 0.7). Values for each individual cell/simulation are plotted. ****, p < 0.0001, unpaired t-test.
shapes. The overall reduction of Nav1.5 expression at the lateral membrane in ΔSIV and mdx cells additionally 70 confirms the specificity of the anti-Nav1.5 antibody since these findings accord with previously reported 71 results 5,7 . In addition, they show that the reduction in whole-cell INa in mdx cells is at least partly due to reduced 72 Nav1.5 expression at the lateral membrane 8 .
73
To assess the effects of Nav1.5 truncation and dystrophin deficiency on Nav1.5 expression at the crest and the 74 groove, we determined the distances from each α-actinin cluster to the closest Nav1.5 cluster in mdx and ΔSIV 75 lateral-membrane images, and compared them to wild-type values. The frequency histogram (Figure 3e) shows 76 that the proportion of Nav1.5 clusters within 50 nm of α-actinin is reduced by ~25% in mdx and ΔSIV compared 77 to wild-type cells. When the proportion of Nav1.5 within 50 nm of α-actinin is plotted for each individual cell 78 (Figure 3f ), only ΔSIV cardiomyocytes show a significant ~20% reduction compared to wild type. Although 79 mean Nav1.5 expression in mdx cells is reduced by about 17% compared to wild type, the data show high 80 variability (Figure 3f) , which correlates with the high variability in Nav1.5 expression at the lateral membrane 81 of mdx cells (Figure 3d) . The affinity of Nav1.5 for the groove is however similar in wild-type, mdx, and ΔSIV 82 cells when comparing the proportion of Nav1.5 clusters within 50 nm of α-actinin from experimental images, 83 and random and high-affinity simulations for each genotype (Supplementary Figure 3a) . 84 Taken together, these results establish that (1) Nav1.5 expression at the groove of the lateral membrane partially 85 depends on the ΔSIV motif and dystrophin expression; (2) in dystrophin-deficient cells, Nav1.5 clusters at the 86 lateral membrane are organized into simpler shapes compared to wild-type cells; and (3) dystrophin deficiency 87 induces high variability in Nav1.5 expression and Nav1.5 cluster size.
88

NAV1.5 IS EXPRESSED IN THE T-TUBULAR MEMBRANE 89
Nav1.5 expression in the T-tubules was assessed by co-staining cardiomyocytes for Nav1.5 and the T-tubular 90 marker Bin1, and imaging an intracellular plane of each cell in highly inclined and laminated optical (HILO) mode. Bin1 was chosen as a T-tubular marker since it binds and shapes the T-tubular membrane and assists in 92 the trafficking and clustering of the voltage-gated calcium channel Cav1.2 24,26 . The Bin1 antibody was first 93 validated by confirming that Bin1 stainings are in close proximity to α-actinin, given that T-tubules run in close 94 proximity to the sarcomeric Z-disc (N = 3, n = 59) (Supplemental figure 4) 13 . Then, we assessed whether Nav1.5 95 and Bin1 associated randomly or not by performing simulations for each SMLM image (N = 3, n = 39), where 96 Nav1.5 clusters were redistributed either randomly or with high affinity for Bin1 (Figure 4a-c) . Nav1.5 clusters 97 at the lateral membrane and intercalated disc were excluded. Then, the distance from each Bin1 cluster to the 98 closest Nav1.5 cluster was determined. The frequency histogram shows that about 16-17% of Nav1.5 clusters is 99 within 50 nm of Bin1 in both original images and high-affinity simulations, whereas in random simulations this 100 value was only ~8% (Figure 4d) . This was confirmed when plotting the proportion of Nav1.5 clusters within 50 101 nm of Bin1 for each individual image (Figure 4e ). Together, these findings indicate that a considerable subset 102 of intracellular Nav1.5 is expressed in the T-tubular membrane.
103
T-TUBULAR SODIUM CURRENT CANNOT BE ASSESSED BY WHOLE-CELL RECORDINGS
104
Having shown that Nav1.5 is expressed at the T-tubules (Figure 4) , we investigated whether we could record a 105 T-tubular sodium current. To this end, we compared whole-cell INa recordings from normal (N = 5, n = 7) and 106 detubulated (N = 5, n = 7) ventricular cardiomyocytes. Firstly, we concluded that detubulation was successful 107 as the capacitance of detubulated cells was 30% lower than of control cells (Figure 5b) . Whole-cell INa did not 108 decrease after detubulation (Figure 5a) , which indicates that the vast majority of sodium current is conducted 109 by sodium channels at the intercalated disc and lateral membrane. Comparing the current density shows a 25% 110 yet non-significant increase in INa density after detubulation (Figure 5c ), further confirming that the majority of 111 sodium channels is outside the T-tubular domain. As discussed in the introduction, current densities of We next investigated whether dystrophin deficiency (mdx) and deletion of the SIV motif of Nav1.5 affected 118 Nav1.5 expression in the T-tubules. Firstly, we determined that overall Nav1.5 cluster density in intracellular 119 planes was increased in mdx compared to wild-type cells, whereas no difference was observed between ∆SIV 120 and wild-type cells (Figure 6a ; wild type N = 3, n = 47; mdx N = 3, n = 26; ∆SIV N = 3, n = 13). We also noted 121 an increase in cluster solidity in mdx and an increase in cluster circularity in mdx and ΔSIV compared to wild-122 type cells, while cell size and average Nav1.5 cluster size did not differ between the three genotypes. Similar to 123 what we observed at the lateral membrane, this indicates that intracellular Nav1.5 clusters have geometrically 124 simpler shapes in mdx and ΔSIV cells.
125
The frequency histogram plotting distances between Bin1 and Nav1.5 shows that the proportion of Nav1.5 within 126 50 nm to Bin1 was ~30% higher in mdx and ~4% higher in ∆SIV compared to wild type (Figure 6b ; wild type 127 N = 3, n = 39; mdx N = 3, n = 20; ΔSIV N = 3, n = 11). Plotting these values from individual cells confirmed 128 this increase of T-tubular Nav1.5 in mdx cells, but no difference between ΔSIV and wild type cells was observed 129 Figure 6. Nav1.5 expression is increased in T-tubules of mdx mice. a, Nav1.5 cluster density in intracellular membrane compartments and T-tubules is ~30% higher in mdx cardiomyocytes than in wild-type cardiomyocytes, but no change was observed in ΔSIV compared to wild-type cells. b, For each Bin1 cluster, the distance to the closest Nav1.5 cluster is measured. Cluster distances are plotted in a frequency histogram with bins of 50 nm. The given histogram indicates that Nav1.5 preferentially locates within 50 nm to Bin1, in ΔSIV and mdx more so than in wild-type cells. c, In mdx cells, a higher proportion of Nav1.5 clusters is within 50 nm from Bin1 than in wild-type cells. Together with the increase in overall intracellular Nav1.5 expression in mdx, this indicates that T-tubules in mdx cells show a higher Nav1.5 expression. ΔSIV cells show a similar T-tubular Nav1.5 expression as WT cells. a, Wild type N = 3, n = 47; mdx N = 3, n = 26; ΔSIV N = 3, n = 13. b,c Wild type N = 3, n = 39; mdx N = 3, n = 20; ΔSIV N = 3, n = 11. **, p = 0.0095; ***, p = 0.0002; ****, p < 0.0001, Mann Whitney test. When dystrophin is absent, less Nav1.5 is expressed at the lateral membrane (Figure 3a) , but more Nav1.5 is 169 expressed in the T-tubules compared to wild-type cells (Figure 6c) . The reduction Nav1.5 at the lateral 170 membrane of mdx cells may be explained by the loss of costamere integrity (Figure 7) 32 . We may also 171 hypothesize that dystrophin deficiency causes a partial rerouting of Nav1.5 trafficking to the T-tubules instead 172 of to the lateral membrane by an unknown mechanism. The short dystrophin product Dp71 may be involved 173 since it is present only at the T-tubules 33 , and binds ion channels and the cytoskeleton 34 . In light of the overall show less Nav1.5 at the lateral membrane overall and specifically in the groove, whereas the lateral membrane structure remain intact. In mdx cells (c), the lateral membrane is flatter than in wild-type and ΔSIV cells, and Nav1.5 expression at the lateral membrane is reduced overall; yet the expression at groove of mdx cells is not as affected as that of ΔSIV cells. Costameres are severely compromised in mdx cells. In the T-tubules, Nav1.5 expression is similar in wild-type (a) and ΔSIV cells (b), and increased in mdx cardiomyocytes (c).
T-tubular
Interestingly, Nav1.5 cluster shapes in the groove and the intracellular compartment are simpler in mdx than in 181 wild-type cells, illustrated by the increased solidity and circularity (Supplementary Figure 2) . This indicates 182 that dystrophin is involved in scaffolding and shaping of the Nav1.5 clusters, which may be related to the large 183 size (427 kD) of dystrophin, and to the link to the actin cytoskeleton that dystrophin provides 36 . On the other 184 hand, Nav1.5 clusters in ΔSIV cells show an increase in solidity only in intracellular planes (Supplementary 185 Figure 2b ). This suggests that the interaction of Nav1.5 with the syntrophin-dystrophin plays a role in cluster 186 organization in the intracellular compartment/T-tubules, while at the lateral membrane, the secondary N-187 terminal syntrophin-binding site of Nav1.5 may support interaction with dystrophin and wild-type-like Nav1.5 188 cluster organization 37 .
189
The residual Nav1.5 expression at the lateral membrane of mdx mice may be explained by the dystrophin 190 homologue utrophin 38 . Utrophin is expressed during the fetal phase and re-expressed in adult tissue when 191 dystrophin is absent in mice, but not in humans 38, 39 . Since we found that Nav1.5 cluster density and size at the 192 lateral membrane and at the groove is highly variable in mdx cells (Figure 3a,c, Supplementary Figure 2a) , 193 ventricular cardiomyocytes may display a high variability in compensatory utrophin and Dp71 expression. Like mdx mice, ΔSIV mice express less Nav1.5 at the lateral membrane, and the groove pool is specifically 200 affected (Figure 3d,f) . The ΔSIV truncation reduces the interaction of Nav1.5 with the syntrophin-dystrophin 201 complex 5 . Since ΔSIV mice still express dystrophin, costameres presumably remain intact. Of note, the 202 syntrophin-dystrophin complex may also interact with the N-terminus of Nav1.5 37 , possibly explaining the 203 reduction, rather than the abolition, of Nav1.5 localization to the groove and the lateral membrane. Contrary to 204 mdx mice, we did not observe an increase of Nav1.5 at the T-tubules in ΔSIV mice, which may be explained by 205 their intact costameres.
206
A groove-specific reduction of Nav1.5, as shown for ΔSIV and a subset of mdx cardiomyocytes, and an increase 207 in T-tubular Nav1.5, as shown for mdx cells, may affect conduction and excitability in different ways. However, 208 late openings between the crest and the groove as well as biophysical properties did not differ in murine 209 cardiomyocytes 11 . Future studies should address specific differences in function and regulation of Nav1.5 in the 210 crest, groove, and T-tubules.
211
Intriguingly, while our data revealed that Nav1.5 is reduced at the groove of mdx and ΔSIV mice, Rivaud et al. 212 have recently shown in a murine heart failure model (transient aortic constriction) that sodium current is conjugated primary antibodies. Lastly, cells were washed with PBS for 5 minutes. Coverslips were mounted onto 283 microscope slides in which two small holes were drilled and using double-sided tape as spacers, creating a fluid chamber.
284
Chambers were sealed with epoxy resin.
285
Optical setup and image acquisition 286 SMLM imaging was performed in accordance to a previously described method 23 . To achieve stochastic fluorophore from the cover glass. Intracellular/T-tubular signals were recorded in a higher focal plane with the TIRF objective in HILO
303
(highly inclined and laminated optical) mode.
304
Alignment of different colors for SMLM images 305
Different colors were aligned following previously described methods 23 . Briefly, broad-spectrum fluorescent beads 306 (diameter ~100 nm, TetraSpec; Thermo Fisher, Waltham, Massachusetts) were imaged sequentially in the blue (488 nm), 307 green (568 nm), and red (639 nm) channels. The images from the blue and green channels were aligned to the red channel 308 using a second polynomial warping algorithm in Matlab (version R2017b; Mathworks, Natick, Massachusetts).
309
Single-molecule localization 310
Single-molecule localization also followed a previously described method 23 . In short, from each image stack, each frame was box-filtered. Box size was four times the full width at half maximum of a 2D Gaussian point spread function (PSF).
from the raw image, and local maxima were identified. Local maxima from all frames of one image stack were subjected the aforementioned Alomone antibody 7 . Our SMLM data generated using our Pineda antibody reproduced this reduction patterns in our SMLM data generated using the Pineda antibody shows great similarities with those generated using a 4d) , and the percentages of Nav1.5 12 clusters within 50 nm from Bin1 (pertaining to Fig 4e) in intracellular recordings of wild-type cardiomyocytes.
13
Statistical analyses and descriptive statistics are also given. Fig 2b) . Statistical Fig 3a) and Bin1 inside the cell (pertaining to 26 Supplemental Fig 3b) . Values are compared between original images and simulations in which Nav1.5 clusters 27 are redistributed either randomly or with high affinity for α-actinin or Bin1, respectively. Statistical analyses are 28 also given. depicting α-actinin in red and Nav1.5 in green. Note that the fluorophores on the left side of the cell that did not blink, characterized 6 by a faint striated pattern in all panels of (a), are not reconstructed in the final SMLM image (b). Scale bar 5 µm. 7 1 Supplemental figure 2. Cell and Nav1.5 cluster properties of SMLM images. For all images from wild-type, mdx, and ΔSIV cells at the 2 lateral membrane (a) and inside the cell (b), this figure shows cell size, and cluster size, circularity, and solidity of Nav1.5 clusters per 3 cell. Perfectly circular and solid clusters give value 1. Solidity indicates the ratio of the particle area to the area of the convex hull of the 4 particle. a, Wild type N = 3, n = 24; mdx N = 3, n = 27; ΔSIV N = 3, n = 19. b, Wild type N = 3, n = 39; mdx N = 3, n = 20; ΔSIV N = 3, n = 5 11. *, p = 0.041 (a, solidity); p = 0.021 (b, solidity); **, p = 0.001; ****, p < 0.0001, Mann Whitney test. transfected with (a) Nav1.5, Nav1.4, and GFP; (b) Nav1.4 and GFP; (c) and GFP and empty vector. Cells are stained for Nav1.5 (Pineda 3 antibody; red), GFP (green), and nuclei (DAPI; blue). Scale bar 10 µm. 4
